We measured thyroid hormone (T3) levels and energy expenditure of pre-breeding house sparrows Passer domesticus in relation to the timing of breeding and reproductive success. The onset of reproduction was synchronised in two waves, separated by a three-week interval. On an annual basis, early breeders (birds that bred for the first time during the first wave) made significantly more breeding attempts, laid significantly more egg and raised 2.3 times more chicks to fledging than late breeders (birds that bred for the first time during the second wave). By the end of March, about one month before the first egg was laid in the population, plasma titres of testosterone in males and estradiol in females were still low and did not differ between early and late breeders. However, birds that subsequently bred early had higher titres of plasma triiodothyronine (T3) than birds that started to breed late. We show for the first time in a free-living bird population that Basal Metabolic Rate (BMR) is positively correlated with the plasma titre of T3. Differences in plasma T3 accounted for 48% of the inter-individual variation in BMR. Elevated T3 levels indicate that energy requirements increase prior to breeding. Although early breeding appears to be advantageous in terms of the number of offspring raised on an annual basis, the increased energy requirements prior to breeding are thought to delay the onset of reproduction in those birds that cannot afford the additional energy expenditure early in the season.
The timing of laying is one of the reproductive traits with the greatest impact on fitness and a general feature of birds reproducing in a seasonal environment is a steady seasonal decline in reproductive success (Perrins and McCleery 1989 , Daan et al. 1990a , Nilsson 1999 . To fledge their chicks successfully adult birds have to adjust the timing of laying to food availability (Lack 1968) , and in temperate areas, birds match the timing of breeding with a short period in the year when food is most abundant. Several supplementary feeding experiments have generally resulted in an advancement of laying date (reviewed in Nager et al. 1997) suggesting that food availability early in the season might limit egg formation through an energetic constraint (constraint hypothesis; Lack 1966 , Perrins 1970 , or acts as a cue to anticipate trophic conditions when birds will have to rear their young (anticipation hypothesis; Lack 1954) .
At the proximate level, few studies have measured the energetic cost of getting physiologically prepared for breeding to explain variation in a fitness related trait such as the timing of egg laying (Stevenson and Bryant 2000, Nilsson and Råberg 2001) . Most studies addressing the relation between energy expenditure and reproductive decisions have focused on the nestling period (Sanz and Tinbergen 1999 , Tinbergen and Verhulst 2000 , Nilsson 2002 ) because the high levels of parental activity associated with food provisioning suggest that daily energy expenditure is maximal during this phase of the breeding cycle (Drent and Daan 1980) . However, the pre-breeding period can also be viewed as an energy demanding period since the preparations for breeding (e.g. nest or mate acquisition, egg or gonad formation) are likely to increase energy requirements as well (Ricklefs 1974 , Carey 1996 , Nilsson and Råberg 2001 . For example, measures of field metabolic rate (FMR) of egg-laying female passerines, which include the cost of foraging, have reported rates that are comparable to FMR during the chick-rearing period Tatner 1988, Ward 1996) . Since food availability is still restricted early in the season, and energy expenditure has to be balanced by food intake, slightly elevated rates of energy expenditure prior to breeding might be difficult to sustain at this time of the year. In the great tit Parus major, an energy trade-off between reproduction and maintenance that occurs during cold weather has been reported, suggesting a thermal constraint on the timing of egg-laying (Stevenson and Bryant 2000) . Such a trade-off may operate through an allocation process between egg production and thermoregulation processes (Stevenson and Bryant 2000) .
The possible metabolic and thermoregulatory nature of the physiological constraints acting on the timing of laying suggest that several hormones are probably involved, with likely candidates including the thyroid hormones. Thyroid hormones and especially trioothyronine (T3) plays an important role in substrate metabolism and thermogenesis and many specific aspects of thyroid hormone-triggered metabolic effects have been established in birds (McNabb 2000) . Administration of exogenous thyroid hormones stimulates and thyroidectomy or goitrogen aministration depresses oxygen consumption (McNabb 2000) . In developing birds, they are positive correlations between periods of high plasma and high metabolic activity (Christensen et al. 1982) , and positive correlation between oxygen consumption and T3 levels have been established in young chickens (Bobek et al. 1977) . Measuring individual variations in T3 levels early in the season could therefore shed some light on the energetic constraints acting on the timing of reproduction.
In this study we investigated the relation between T3 levels and energy expenditure of pre-breeding house sparrows Passer domesticus in relation to the onset of breeding. The aim of this study was to examine whether individual variations in pre-breeding T3 levels and pre-breeding energy expenditure may parallel individual variations in laying date.
We will show that one month before egg-laying the concentration of plasma T3: (1) differ between early and late breeders, and (2) is positively correlated with basal metabolic rate (BMR) in individual birds. Since early breeders raised more offspring on an annual basis than late breeders did, the results suggest that birds that are unable to sustain elevated rates of energy expenditure early in the season will delay the onset of breeding with a subsequent fitness penalty.
Methods

Study population
The study was conducted from March to August 1997 on a free-living population of house sparrows breeding on the compounds of the Centre d'É tudes Biologiques de Chizé, France (46°09%N, 0°24%W). Virtually all birds in the population were captured with mistnets and wire traps between March and May 1997 and equipped with a numbered aluminum ring and a unique combination of three colour-rings to facilitate individual identification in the field (Chastel and Kersten 2002) .
Reproductive success
Most house sparrows bred in one of the 70 nestboxes installed since 1992 and nestbox owners were identified from their colour-rings using telescopes. From early April onwards, nestbox contents were checked every two days to determine laying date, clutch size, number of hatchlings and number of chicks fledged. Incubation lasts on average 12 days ( 91 day) since the last laid egg. Since chicks fledged when they were 12 -14 days old, all nestlings were ringed and weighed at an age of 11 days. We used the number of chicks surviving until 11 days after hatching as a measure of reproductive success.
Blood collection
Plasma titres of the following hormones were determined in pre-breeding house sparrows captured between 20 and 29 March 1997: 3,3%,5-triiodo-Lthyronine (T3), testosterone (males only) and 17b-estradiol (females only). During the pre-breeding period, house sparrows were captured with mistnets in the evening at their roosting sites in the Centre d'Etudes Biologiques de Chizé. During the breeding season, we captured each parent with an electronic trap installed at the entrance of the nestbox when the nestlings were 10 -11 days old, that is 1 -3 days before fledging. Although this method was highly effective, it was impossible to use at earlier phases of the breeding cycle, because house sparrows turned out to be very sensitive to disturbance and easily abandoned eggs or small chicks when captured at the nest. Thus, in order to describe changes in plasma T3 levels throughout the breeding season, we had to rely on random catches with mistnets during incubation and early chick rearing (from hatching to day 6). Immediately after capture, a small sample of blood (100 -200 ml) was collected in a 200 ml heparinized micro tube from the brachial vein following puncture with a 27-gauge needle. Blood samples were immediately centrifuged at 2000 rpm for 8 min in order to separate plasma from blood cells. Plasma was stored at −20°C until final analysis. The only way to minimize a possible effect of diurnal variation in plasma T3 titres (Singh et al. 1967 , Newcomer 1974 is to collect blood sample at a standard time. All our blood samples were collected between 16:00 and 20:00 h, which coincides with the expected daily maximum of plama T3 (Klandorf et al. 1978) .
Radioimmunoassays
Hormone titres were determined by radioimmunoassay using antibodies specific for testosterone and estradiol, respectively. Testosterone and estradiol antisera were kindly provided by Dr. Gérald Picaper (Medecine nucléaire, CHU la Source, Orléans, France) and by Dr. Jean Fïet (Hô pital St. Louis, Paris, France), respectively. Testosterone was assayed for males and estradiol for females. Testosterone and estradiol were assayed in two separate assays and the assay procedure was the same for the two steroids. Each hormone was extracted from a 50 ml plasma sample in diethyl-ether and determined in duplicates in one single assay each. Duplicate aliquot of the extracts redissolved in 0.01 M phosphatebuffered saline (pH 7.4) containing 0.1% bovine albumine (PBS-BSA) were incubated overnight at 4°C with ca. 9000 cpm of the appropriate 3 H-steroid and antiserum. Intra-assay coefficients of variation were 7% for testosterone and 4% for estradiol (n = 6 duplicates for each hormones). The lowest concentration detectable was 0.078 ng/ml for testosterone and 0.04 ng/ml for estradiol. Total plasma T3 was determined in two assays without extraction in the presence of 8-anilino-1-naphtalen sulfonic acid (ANS) on duplicate samples of 20 ml plasma. We obtained 125I -T3 from CIS Biointernational (OCPE89 T3, 150KBq). Standard T3 (T2877) and T3-binding antisera developped in rabbit (T2777) were obtained from Sigma Chem. Comp. Reagents were diluted in 0.075 M barbital buffer (pH 8.6) which contained 0.1% Azide and 26% normal rabbit serum. Appropriately diluted sheep antirabit delta-globulin serum was used to precipitate 125I -T3 bound to antibodies. Pooled plasma of different house sparrows produced a dose-response curve that paralleled the T3 standard curve. The lowest concentration detectable was 0.038 ng/ml. The intra-assay coefficient of variation was 2% (n=4 duplicates), while the inter-assay coefficient of variation amounted to 16.2% (n =5 duplicates).
Oxygen consumption
Basal metabolic rate was determined for adult birds in March by open circuit respirometry. House sparrows were captured in the evening at their roosting sites in the Centre d'É tudes Biologiques de Chizé. To avoid possible disturbance of metabolic measurements on future reproductive output, the metabolic study was conducted on a sub-sample of birds roosting in a building situated near the study plot where nest boxes have been installed. Birds (n = 22, 13 males and 9 females) were captured using mistnets and a small blood sample (50 ml) was taken for T3 assay. A few minutes later, birds were transported to the lab and placed into a metabolic chamber with an internal volume of 8.0 l. Air temperature within the metabolic chamber was controlled at 23-24°C, which is at the lower end of the thermoneutral zone of house sparrows (Kendeigh et al. 1977) . Atmospheric air was pumped through the metabolic chamber at a rate of 32 -38 l/h, measured with a Platon Model 2044 flowmeter and converted to standard values (STPD). Oxygen concentration was measured with a Servomex Series 1100 paramagnetic gas analyser (resolution 0.01%) and carbon dioxide concentration with a Servomex Model 1410 infrared gas analyser (resolution 50.02%). The rates of oxygen consumption and carbon dioxide production were calculated according to the appropriate equations given by Hill (1972) . Birds soon became quiet after entering the darkened metabolic chamber and remained so throughout the night. RQ-values gradually decreased to stabilise after 1-3 h at a value close to 0.7, indicating that the bird had reached a post-absorptive state and that fat was the main substrate being metabolised. BMR was calculated from the average rate of oxygen consumption between 2300 and 0600 hrs, using an energy equivalent of 20 kJ/l O 2 . Birds were released after measurements.
All measurements are expressed as average 9 one standard error, unless otherwise indicated. Statistical analysis were performed using SYSTAT 7.0 (Wilkinson 1997) . All statistical tests are two-tailed, and probability levels B 0.05 were considered significant. Bonferroni corrections were used in case of multiple comparisons.
Results
The onset of breeding and reproductive success Reproduction was highly synchronised. A first wave of clutches was produced by the end of April and birds that laid these clutches were called early breeders (Fig.  1) . Towards the end of May, a second wave of clutches started (Fig. 1) . In this second wave, 17 out of 26 clutches were produced by birds which had their first attempt of the year and these birds were called late breeders. Daily observations of colour-ringed individu- 
Testosterone and estradiol levels during the pre-breeding period
In March, all males sampled, including those that did not enter the breeding population, showed detectable testosterone titres (average: 0.85 9 0.08 ng/ml, n= 67; lowest measurement: 0.19 ng/ml). Among males that subsequently bred, testosterone levels in March did not differ between early breeding males (1.02 9 0.0.26 ng/ ml, n= 11) and late breeding males (1.35 9 0.0.29 ng/ ml, n= 8, t-test, t = 0.84, P =0.41). Testosterone was not correlated with plasma T3 (r = 0.31, n = 19, P = 0.20).
In March, all females sampled, including those that did not enter the breeding population, showed detectable estradiol titres (average: 0.41 9 0.02 ng/ml, n= 40; lowest measurement: 0.203 ng/ml). Estradiol levels in March did not differ between early breeding females (0.379 0.03 ng/ml, n=8) and late breeding females (0.359 0.07 ng/ml, n=6, t= 0.271, P = 0.79). Estradiol was not correlated with plasma T3 (r = 0.33, n = 14, P= 0.25).
Body mass
Body mass in March was significantly higher in males than in females (Sex: F 1,34 = 8.78, P =0.01), but did not differ between early and late breeders (Early/Late: F 1,34 = 1.53, P =0.22; interaction Sex ×Early/Late: F 1,34 = 3.00, P =0.09; Fig. 2 ). Body mass was not significantly correlated with the level of plasma T3 (sexes combined: r = 0.20, n = 38, P = 0.22). Male body mass was not significantly correlated with testosterone level (r= 0.35, n = 19, P = 0.14). Similarly, female body mass was not significantly correlated with estradiol level (r= 0.22, n = 14, P = 0.46).
Triiodothyronine (T3)
All birds sampled showed detectable T3 titres. Plasma T3 of house sparrows captured by the end of March (including those that did not enter the breeding population) averaged 0.48 90.03 ng/ml (n=57). Plasma T3 did not increase or decrease over the 10-day measurement period (slope: − 0.004 (ng/ml/day), r 2 = 0.01, n = 57, P \0.1).
als confirmed that these late breeding birds occupied and defended their own nestboxes throughout April and May, nests were constructed but eggs were not produced before the end of May. Within this second wave of laying, 9 clutches were second clutches of early breeders and were produced around early June. By mid-July, late breeders produced their second clutches and a third clutch of early breeders was laid.
Considering the first clutch only, clutch size was similar between early and late breeders (early breeders: 4.729 0.83 eggs, n = 20; late breeders: 4.74 90.93, n =17, t-test, t = 0.016, P = 0.98). On an annual basis, early breeders made significantly more breeding attempts, laid significantly more eggs than late breeders (Table 1 ) and, as a consequence, early breeders produced 2.3 times as many fledglings as late breeders (Table 1) . tial regression coefficient: r =0.14, P =0.04) of the variance in measured BMR:
On average, females appeared to have a slightly lower BMR than males (t = 2.06, P = 0.053), but this was mainly due to a difference in body mass. Sex did not contribute significantly to the explained variance (ANOVA, Sex: F 1,19 = 2.08, P = 0.17). Although plasma T3 in males was slightly higher than in females, this trend was not statistically significant (Sex: F 1,34 =1.37, P =0.25; Fig. 2 ). Plasma T3 in March was significantly higher in early breeders than in late breeders (Early/Late: F 1,34 =4.7, P = 0.04; interaction Sex ×Early/Late: F 1,34 =0.35, P =0.56; Fig. 2) . In early breeders, plasma T3 increased throughout April to an average value of 1.14 90.10 ng/ml (n= 8) during incubation (Fig. 3) . Late breeders attained a similar level by the end of May (Fig. 3) .
Relation between plasma T3 and BMR
BMR in March averaged 0.23 90.01 W (n = 22). BMR of adult house sparrows in March increased linearly with the level of plasma T3 (regression coefficient: r=0.62, variance explained: 38%, n = 22, P B 0.01; Fig.  4 ). On the other hand, body mass alone had no significant effect on BMR (regression coefficient: r = 0.36, n= 22, P =0.103). A multiple linear regression with plasma T3 and body mass (BM) as independent variables explained 48% (T3, partial regression coefficient: r=0.58, variance explained: 34%, P =0.004; BM, par- 
Discussion
T3 and the rate of energy expenditure
The role of thyroid hormones in the regulation of energy metabolism in birds is well established (Hazelwood 1972 , Jansky 1973 . Thyroxine (T4) secreted by the thyroid gland is peripherally converted into triiodothyronine (T3), which is now regarded as the metabolically active form of thyroid hormones (Bobek et al. 1980 , May 1982 . Although T4 may well be involved in the regulation of other physiological processes, there is no evidence that T4 by itself affects the rate of energy expenditure. A thermogenic effect of T3 has been demonstrated in domesticated bird species (Bobek et al. 1977 , Hwen-Bo et al. 1990 ). The relation is causal since metabolic rate increases shortly after experimental administration of T3, while thiouracil (which blocks T3 action) causes metabolic rate to decrease (McNabb 2000) . The turnover rate of T3 in birds is relatively high because birds, in contrast to mammals, lack a specific T3-transporting protein in their blood, which makes T3 a potentially much more powerful agent in birds than in mammals (McNabb 2000) . Evidence that T3 is involved in the regulation of energy expenditure in non-domesticated bird species, either captive or free-living, is circumstantial (Rising and Hudson 1974) . In this study we show for the first time in a free-living bird population that part of the inter-individual variation in BMR is accounted for by differences in plasma T3.
Daily energy expenditure of free-living birds and sustainable rates of energy expenditure vary in parallel with BMR, both inter-specifically (Kersten and Piersma 1987 , Daan et al. 1990b , Lindströ m and Kvist 1995 and intra-specifically (Cooper and Swanson 1994 , Dutenhoffer and Swanson 1996 , Liknes and Swanson 1996 . Consequently, differences in plasma T3 level are likely to reflect different levels of daily energy expenditure between individual birds. Traditionally, T3 has been associated with cold acclimatization (Burke et al. 1977 , Dawson et al. 1992 ) and hyperphagia (Schildmacher and Rautenberg 1952 , Chandola and Pathak 1980 , Pathak and Chandola 1982 , Stokkan et al. 1985 . Some studies report high values of T3 during the breeding season, ruffed grouse Bonassa umbellus (Garbutt et al. 1979) , white-crowned sparrow Zonotrichia leucophrys (Smith 1982) and spotted munia Lonchura punctulata (Pathak and Chandola 1983) , but none of these authors associated T3 explicitly with reproduction. We presume that the effect of T3 on laying date in the house sparrow is indirect, acting via its effect on BMR. We propose that elevated T3-levels are associated with any period of increased energy expenditure in the annual cycle, be it cold stress or accumulation of energy reserves or reproduction.
T3 and the onset of breeding
Plasma T3 levels of early and late breeders differed already by the end of March, i.e. one month before early breeders produced their first egg. This early in the season, plasma levels of testosterone and estradiol were still low. Both these reproductive hormones show a marked peak just prior to egg-laying (Hegner and Wingfield 1990) . This suggests that metabolic preparations for breeding precede sexual activity. In March, according to Eq. (1), the higher level of plasma T3 of early breeders represents only a 12% higher estimated BMR compared to that of late breeders. However, T3 levels are on the rise in March, attaining 1 ng/ml around egg-laying. Early breeders reach this level in April, late breeders in May. According to Equation (1), this level of plasma T3 corresponds to an estimated BMR of 0.32 W, which is 42% higher than the BMR of late breeders in March. Assuming that daily energy expenditure increases proportionally to BMR, the energy requirements of early breeders would be 10 -40% higher than that of late breeders. We interpret the observed inter-individual differences of plasma T3 as a reflection of the more or less advanced state of the metabolic preparations for breeding of the individuals involved.
The relationships between plasma T3, BMR and laying date demonstrated at the individual level, also hold at the scale of the entire population. BMR in March averaged 0.23 9 0.01 W. This is considerably lower than predicted or measured values, which range from 0.34 to 0.46 W (Aschoff and Pohl 1970, Kendeigh et al. 1977) . This low BMR coincides with low levels of plasma T3, which averaged 0.50 90.27 ng/ml in our population. Average values of both plasma T3 and BMR in the study population were low compared to other house sparrow populations, for example, in a population of house sparrows in Oregon, plasma T3 was in the order of 3 -4 ng/ml during winter (Smith 1982) . Comparisons of hormone titres between studies are hampered by the fact that radioimmunoassays often differ with respect to the proportion of the absolute amount of hormones they measure. This is especially true for heterologeous assays of protein hormones, but inter-assay variability is much smaller among non-heterologeous assays of steroid hormones and thyroid hormones, which have an identical molecular structure throughout the vertebrate phylum. Given the sheer magnitude of the difference in plasma T3 titres between our study and that of Smith (1982) , we think it is likely that the uncharacteristically low BMR in the study population is associated with low plasma T3 titres. The onset of breeding in the study population is delayed as well (Fig. 5) . The average laying date of the first egg in the population is 18 April, which is 18 days later than predicted at this latitude. In fact, this corresponds to the typical laying date for southern Sweden, which is .04, n =10, P B 0.001). Vertical bars denote one standard deviation. In the study population at Chizé (black symbol) the first egg is produced around 18 April (95% conf. int.: 7 -30 April, data from 1997 to 1999), which is significantly later than the predicted laying date of 30 March at this latitude (P B0.05). Numbers indicate the following data sources: (1) Ion 1973, Moldovia; (2) Barloy 1966, France; (3) Mackowicz et al. 1970, Poland; (4) Seel 1968, England; (5) Pinowska and Pinowski 1977, Poland; (6) Wieloch and Fryska 1975, Poland; (7) Deckert 1969, Germany; (8) Rassi, in Kendeigh et al. 1977, Finland; (9) Alatalo 1975, Finland; (10) this study, France. we show that the onset of reproduction is associated with an elevated rate of energy expenditure, reflected by high levels of plasma T3, both at the individual and at the population level. Increased energy expenditure is affordable only if this can be balanced by food intake. Because individual birds probably differ in their ability to extract food from the environment, some birds are able to cope with these costs, while others are not. Food availability increases as the season advances, enabling less skilful foragers to cope with the elevated rate of energy expenditure at a later date. This suggests that inter-individual differences in foraging skills are responsible for differences in the onset of reproduction, enabling the more skilful birds to increase their plasma T3 titre and hence their rate of energy expenditure at an earlier date. This interpretation is consistent with the results of surplus feeding experiments. Increased food availability invariably results in an advancement of laying date, indicating that the timing of reproduction is causally related to food availability (Martin 1987) .
In many species, older birds start egg-laying earlier than young birds (reviewed in Perdeck and Cavé 1992) . Older or dominant individuals probably have better access to food resources in flocks (Barnard and Sibly 1981, Møller 1987) and therefore may be able to cope with these pre-breeding metabolic costs. For instance, a positive correlation between social dominance and the BMR has been documented in four passerine species (Røskaft et al. 1986 , Hogstad 1987 , Bryant and Newton 1994 .
Individual laying date is determined by the balance between elevated energy expenditure prior to breeding and increasing food availability as the season progresses. So far, reproductive decisions have been investigated by manipulation of food availability (Daan et al. 1989) . The causal relation between plasma T3 and BMR opens the possibility to influence reproductive decisions by manipulation of the energy expenditure side of the equation. T3 can be administered orally to elevate BMR but is also often toxic and injection of T3 have very short-lived effects. Possibly, the hormone to use would be T4 because it would provide sustained thyroid hormone exposure with the bird doing its own deiodination to T3 on a sustained basis (Derting 1989) . Phenotypic engineering Nolan 1992, Ketterson et al. 1996) , by addition of thyroid hormone or thiouracil (a suppresser of T3, McNabb 2000) to supplemented food, may enable us to modify the energy requirements and investigate the fitness consequences of these modifications.
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Pre-breeding energy, laying date and annual reproductive success
On an annual basis, early breeders raised 2.3 times as many fledglings as late breeders. The number of breeding attempts per year could have been biased by our research activities. House sparrows turned out to be very sensitive to disturbances and some parents abandoned their brood after they were captured in the nestbox when the chicks were 11 days old. We suspect that our activities may have prevented a number of birds from renesting in the same nestbox. Some birds switched to an adjacent nestbox, but we cannot exclude that a few others produced a subsequent clutch under the roof. Although the number of breeding attempts may be underestimated, it is unlikely that this would affect the conclusion that early breeders produce more fledglings per season than do late breeders.
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